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FOREWORD

The Samarium-Cobalt Manufacturing Methods Program was carried
out by the Microwave Tube Operation, Microwave and Power Tube Division
of Raytheon Company, Waltham, Massachusetts. This work was sponsored
by the Air Force Materials Laboratory, Air Force Systems Command,
United States Air Force, Wright-Patterson Air Force Base, Ohio, under
Contract No. F33615-70-C-1097, Project No. 612-9B. The Air Force
Project Engineer was Mr. H, K, Trinkle.

At Raytheon, the work was under the general supervision of
Dr, Albert E, Paladino, Manager of the Materials, Processes and Techniques
Laboratory. The Project Engineer, Dr. Dilip K, Das, was assisted by
Mr, William Reid, Mr. Ernst Wettstein, Dr, Paul Weihrauch, Dr, Leonard
Lesensky, Mr, Albert Gale, Mr. D. Joaquin, and Mr. A, Kelley, The period
covered by this report is 1 December 1969 to 31 May 1971, The Raytheon
internal report number is PT-3051,

This technical report has been reviewed and is approved.

JUWES 1. WITTEBORT
\ief, Electronics Branch

Manufacturing Technology Division
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ABSTRACT

Processes and techniques have been established for the pilot line manufac-
turing of samarium-cobalt permanent magnets for use in high performance periodic
permanent miagnet focused traveling-wave tube amplifiers. The objective of achiev-
ing a capacity for 1000 magnets per month was exceeded. Typical properties of
magnets produced in quantity are: energy product (BH) .. of 13 - 15x 106 GOe
B, of 7800 £ 200 gauss, and H. of 6800 + 300 Oe. Extensive measurements were
made to establish temperature characteristics of second quadrant properties, long
term stability, and maximum temperature use in an operating device. Irreversible
temperature coefficients for magnetic properties up to 255°C were found to depend
linearly on demagnetizing field, whereas reversible temperature coefficients varied
only slightly,  Magnet rings assembled in a PPM stack (high demagnetizing factor)
exhibited < 4% measurable change in peak axial field at 225°C for over 900 hours.
Device evaluation of magnets clearly established the superior performance possible
with samarium-cobalt. Higher power and the attendant higher temperature are now
achievable with TWT's,
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SECTION 1

INTRODUCTION

There has been a continuing search for permanent-magnet materials
with improved magnetic properties for use in high performance devices such
as traveling-wave tubes. High energy product, a figure of merit for permanent-
magnet materials taking into account both remanent magnetization and coercive
force, has been the principal property of interest., High Curie temperature and
temperature stability of magnetic properties were also prime concerns.

Extensive investigation of intermetallic compounds between rare-earth
and 3d-transition series metals conducted in the Air Force Materials Labora-
tory led to the discovery of a whole family of permanent-magnet materials of
the type RCos, theoretically possessing high energy products. ] These com-
pounds possess a single easy axis of magnetization together with extremely high
uni-axial anisotropy, making them promising candidates for fine-particle per-
manent magnets.

Technological development of these magnets proceeded along several routes,
all with the common objective of producing a mechanically rugged compact of
oriented single or nearly single domain particles. Approaches that were taken by
various investigators included simple cold press compaction, potting in various
epoxies, high pressure isostatic pressing, and sintering of cold-pressed com-
pacts. The latter method, involving powder metallurgical sintering techniques,
was the method developed at Raytheon for the rare-earth cobalt material, Sm-Co. 2

The objective of the program was extension of laboratory techniques to es-
tablish a pilot line for manufacture of samarium-cobalt magnets for permanent-
magnet focused, high performance, traveling-wave tube amplifiers. Specifically,
manufacturing methods, processes, techniques, and special equipment were to be
established for the economical fabrication of samarium-cobalt magnets in produc-
tion quantities, with characteristics listed in Table I. The superior functional
characteristics of magnets manufactured in a pilct line production facility were
to be demonstrated in a typical, high performance traveling-wave tube (TWT). The
project was divided into four phases, briefly outlined below.

Phase l - Analysis

During this phase, various methods for manufacturing samarium-cobalt
magnets were investigated. Each unit step used in a powder metallurgical pro-
cess was studied with the objective of selecting techniques that were economical
and capable of producing high quality magnets.

1 K. Strnat, G. Hoffer, J. Olson, and W, Ostertag, "A Family of New Cobalt-
Base Permanent Magnet Materials", J. Appl. Phys. 38 1001 (1967).

2 D, Das, "Twenty Million Energy Product Samarium-Cobalt Magnet', IEEE
Transactions on Magnetics, Vol. Mag. 5. No. 3, Sept. 1969, p. 214-216,
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Phase Il - Determination of Manufacturing Process

The objective of this phase was to make final selections of processes and
techniques that comprise the most economical and reliable manufacturing opera-
tion. This determination was based on information obtained in Phase I.

Phase Il - Preproduction Pilot Line

The establishment of a pilot line capable of producing traveling-wave tube
magnets at a rate of 1000 per month was the objective of this phase.

PhaselV - Microwave Device Application of Samarium-Cobalt Magnets

The objective of this phase was to demonstrate the superior functional char-
acteristics of a Raytheon traveling-wave tube with PPM stack of samarium-cobalt
magnets.

Table I. Magnet Characteristics (Target Specifications)

Residual Induction (B,) > 7500 gauss
Coercive Force (H.) > 7500 Oe
Intrinsic Coercive Force (Hcj) > 12000 Oe
Energy Product (BHp,,4) 15 x 106 gauss-oersted
Temperature Stability 0.05% per °C
Magnet Life Flux variation of < 5% over 1000 hours
at 150°C for a magnet with load line of
minus 1,
Curie Point > 700°C
Mechanical Properties
Integrity < 3% weight loss during normal handling
(during shipping and assembly of TWT's)
Hardness R, = 50
Impact Strength Capable of withstanding normal han-

dling, assembly, and operation of
TWT consistent with MIL-5400
Class II environmental requirements.

Flexural Strength > 5000 psi
MIL-E-5400 Tests
Corrosion None
Temperature Extremes Within 95% of original (-55°C to 250°C)

room temperature properties.
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SECTION 1I
FINE PARTICLE RARE-EARTH MAGNETS

The approach to making fine particle magnets was based on the model of
single domain particles. In theory, magnetic particles can be reduced to a size
where it is energetically unfavorable to form domain walls which cause de-
magnetization by motion in reverse magnetic fields, In a single domain particle,
magnetization reversal occurs by a rotation process requiring applied fields
which are a substantial fraction of the magnetocrystalline anisotropy field. In
compounds of the form RCos, anisotropy fields in excess of 100 kOe were mea-
sured and, on this basis, coercive forces far larger than those of any known
materials were predicted for fine particle magnets consisting of these compounds.
In addition, some of the compounds had high Curie temperatures, offering the
possibility of stability at high temperatures. Finally, measured values of the
saturation magnetization indicated that magnets of both high flux density and high
energy product might be fabricated from these materials.

The anticipated high energy products were based on certain relationships
between the intrinsic magnetic properties. These are illustrated in Figure 1
where the solid lines are the induction (B vs H) and intrinsic (4rM vs H) second
quadrant hysteresis curves for an ideal fine particle magnet in which the demag-
netization process is controlled by the crystal anisotropy. Optimum properties
are obtained when several conditions are satisfied. With perfect crystallographic
alignment, the remanent magnetization, 47M,, is equal to the saturation magneti-
zation, 4tMg. In material of large magnetocrystalline anisotropy in which the
individual magnet particles have an intrinsic coercive force, mHc, ** greater than
4tMg, the induction curve is a straight line with an induction coercive force,
pHe,¥**equal to 4tMy., When both conditions are fulfiiled and the powder compact
is fully dense, the result, as indicated in Figure l, is the largest theoretical max-
imum energy product, (BH)max, equal to (2mMg)<.

For the specific compound SmCos, 4rMg is 9600 gauss and the anisotropy
field, Hy, is ® 290 kOe. A value of H, of this magnitude made an ,H¢ sufficient
to approach the theoretical maximum (BH)max of 23 x 1016 GOe seem feasible.
On the other hand, low yH¢ (especially when it is of the same order or less than
4nMg), imperfect alignment and the inability to achieve theoretical density result
in hysteresis curves of the type illustrated by the broken lines in Figure 1. In-
sufficiently aligned powders and low density result in a remanent magnetization,
4tMy, less than the maximum possible 4tMg., In this situation, the energy prod-
uct will always be less than the theoretical maximum, as the comparison of the
(BH)max areas in Figure 1 illustrates.

% By is also used for remanent magnetization.
*Kk HCi is also used for intrinsic coercive force,

HC is also used for induction coercive force.
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Figure 1 . Hysteresis Loops Illustrating Factors
Effecting Maximum Energy Product

The initial efforts to develop fine particle magnets based on rare-earth
cobalt compounds with high crystal anisotropy were disappointing. Crystal
anisotropy controlled magnets require micron size particles, a size range
readily achieved by any one of several comminution techniques. However, for
the RCos compounds investigated, values of ;,yHc were strongly dependent on
processing parameters, particularly the method of grinding., It was found that
size reduction was accompanied by a gradual increase in ,,H. which, after reach-
ing a peak of several thousand Oe, abruptly dropped with further grinding. With
particle sizes below the peak in zH¢, it became progressively more difficult to
align the powders. This behavior was common to most of the rare-earth magnet
materials of interest. The one exception was SmCog in which values of \H. ex-
ceeding 15,000 Oe were obtained, despite a similar dependence on grinding.

The dependence of coercivity on grinding has been explained by distinguish-
ing the role of lattice defects and surface defects introduced in grinding; the latter
act as nucleation sites for domain formation and lower the coercive force, whereas
lattice defects and their associated stress fields impede domain wall motion and
increase the coercivity. The strong dependence of second quadrant properties,
particularly coercive force, is attributed to domain walls being driven into distinct
pinning states related to the value of the magnetizing field.




The defects introduced by the grinding deformation may also reduce the uni-
axial anisotropy, and thus lower the local magnetocrystalline anisotropy field. In
this case not only would the coercive force be reduced but, due to the increased
difficulty of magnetically aligning the particles, the remanent magnetization and
energy product would be lowered as well.

Although the specific nature of the defects is not clear, there is a body of
experimental evidence to support their existence and importance. For instance,
particles whose surfaces have been chemically polished show a marked improve-
ment in coercivity, presumably Aue to removal of domain nucleation sites. Thus
the concept of domain wall vs rotation controlled magnetization reversal appears
to have a reasonable experimental basis.

Although various rare-earth cobalt alloy systems were studied at Raytheon,
the unique behavior of Sm-Co led to an emphasis on this material, which culmi-
nated in a laboratory process for making high coercivity and high energy product
magnets. The laboratory process developed at Raytheon consisted of melting a
Sm-Co alloy and reducing it to powder by a short, high impact grinding procedure.
Magnetically-aligned cold pressed samples were sintered in a carefully controlled
manner to produce dense compacts of high energy product magnets. In addition to
producing the densification necessary for achieving a high induction, the sintering
procedure appeared to remove those surface imperfections responsible for domain
nucleation and low coercive force. Furthermore, during sintering, preferential
grain growth occurred, resulting in a larger percentage of favorably aligned par-
ticles than were found prior to sintering. The excessive grain growth that accom-
panies the sintering of single phase SmCog was kept at a minimum by deliberately
adjusting the alloy composition in melting to incorporate Sm2Co7 as a grain growth
inhibitor.

From this laboratory experience, the following general process for fabri-
cating Sm-Co permanent magnets was established:

2. A two-phase alloy is formed by melting the components, Sm and Co,
in a suitable crucible surrounded by a non-oxidizing atmosphere.

b. The melted ingot is crushed to a size suitable for further grinding
(average particle size of approximately 10 u). Wet grinding requires
a drying process that does not oxidize the powder.

C. After drying, the powder is pressed in an aligning magnetic field to

a size close to the dimensions required in final application. Pressed
compacts are approximately 65% of theoretical density and require
further densification to greater than 90% by sintering in a non-oxidizing
atmosphere.

1o

For traveling-wave tute applications, sintered ring magnets are
machined to final dimensions, magnetized, measured, thermally cycled
above the operation temperature to stabilize magnetic properties, mea-
sured once again, and then split.

From this laboratory process, the aim of this program was to determine
specific methods and equipment for economical quantity production of high perfor-
mance magnets.




SECTION III
UNIT PROCESSES FOR SAMARIUM-COBALT MAGNETS

1, MELTING

The first unit process in manufacturing Sm-Co magnets is the alloying of
the component metals. Throughout the program, sample lots of samarium were
purchased from several sources. Evaluation indicated that some samples con-
tained second-phase impurity exceeding 10 volume-percent, although less than
5 volume-percent was necessary for a good magnet alloy. This requirement was
met by a domestic source and a foreign source; the greater part of the metal
used in this program was supplied by the former. The material was specified to
be 99.9 weight-percent pure according to spectrographic analysis. Cobalt was
supplied in the form of shot of 99. 9 weight-percent purity., The as-received
material is fired at 1140°C for 2 hours in dry hydrogen prior to v.se,

Cost for samarium metal ranges between $90 and $150 per pound, depending
upon quantity purchased and purity. Cobalt costs between $3 and $6 per pound.

Consideration of the Sm-Co phase diagram (Figure 2) suggests some of the
problems to be expected in achieving uniform, reproducible alloys. Due to the
peritectic melting of samarium compounds in this system, the relative amounts of
the various phases will depend on the starting composition, cooling rate, and tem-
perature uniformity during solidification; in short, the details of the melting prac-
tice will affect phase composition.

Another difficulty arises from the high vapor pressure of samarium. Vac-
uum melting is not appropriate and even in an inert atmosphere the alloy composi-
tion must be adjusted to compensate for the anticipated loss of samarium by evapo-
ration. Finally, the choice of a crucible material is critical because of the pro-
hibitive cost of high quality crucibles, as well as the dangers of impurity contami-
nation and crucible failure arising from the high chemical reactivity of samarium.

Despite these difficulties, a laboratory scale melting procedure was developed,

and at the start of the program melting was done in an rf (350 kHz) furnace of 50 g
capacity with high purity helium at atmospheric pressure providing a protective at-
mosphere. The degree of alloy contamination from reaction with the crucible was
kept at an acceptable level by rapid melting in recrystallized alumina. To further
minimize impurity pick-up and to guard against premature crucible failure, a
technique was developed for coa.tmg the crucible with a non-reactive layer. A
slurry consisting of yttna powder m nitro-cellulose was painted on the crucible
interior, dried and air fired at 1700°C prior to use.

In the 50 g size, the charge was cooled in the crucible after melting, and the
alloy had to be broken from the crucible. Under these conditions it was found that
a charge composition of 39 weight-percent samarium gave the best magnetic prop-
erties, However, because of the limited capacity, an immediate requirement was
to evaluate and purchase melting equipment of production capacity.

Experimental melts were made by arc melting and low frequency induction
melting. The absence of a crucible made arc melting attractive, but the need to
remelt several times to achieve metallurgical homogeneity and the expected diffi-
culty in scaling-up the process to make large melts led to its elimination.

Results of low frequency induction melting were encouraging. After
successful fabrication of high quality magnets from several experimental alloys,
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Figure 2. The Sm-Co Phase Diagram



a complete system was acquired and installed in the pilot line as shown in
Figure 3, This equipment is capable of melting charges of up to 300 1b in

10-3 torr or in a purged, controlled atmosphere. There are provisions for
alloy additions during melting, temperature measurement, and casting of the
alloys in either chilled or heated molds. The motor generator supplies power
at 9600 Hz. Built-in variable capacitors in the circuit allow for matching with
the load, and there is an additional feature that provides continuous maintenance
of a pre-set power input during the melting operation.

Figure 3. Pilot Line Melting Furnace

Prior to alloy melting the system is pumped to below 5 x 10-4 torr. A
partial pressure of helium is introduced to purge any residual air in the gas
lines, followed by a final pump down to below 5 x 10-4 torr. The chamber is
back-filled with helium to a slight positive pressure (~1 psi).

Melting schedules were developed for 600, 1500 and 2500 gram charges,
with a primary concern of avoiding thermal shock failure of the recrystallized
alumina crucible. In this procedure the power is increased slowly and melting
requires extended times. When melting appears to be complete, the alloy is held
for 10 additional minutes at 1500°C, and then the power is turned off. The charge
is allowed to solidify and cool in the crucible (requiring 1 - 2 hours prior to re-
moval), and the crucible is broken to remove the alloy.
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At each increase in the melt size, a complete metallographic survey
was made of a representative ingot, including views of vertical and horizontal
sections, Typical views, presented in Figure 4 show a structure of two major
phases, Both X-ray and electron probe measurements indicate that the light
phase is SmCosz. The dark areas are primarily Sm,Co7 with smal! amounts
of the other phases not yet identified, but most likely SmC03 and possibly SmCo,.
The phase distribution is comparable in the various ingot sizes, although, as a
rule, alloy uniformity was observed to suffer in larger melts due to a reduction
in cooling rate,

The absence of large scale segregation in the magnet alloy was confirmed
in part by magnetic measurements of TWT magnets in the PPM format. The
peak field values, as well as their uniformity, were not significantly altered
when comparing differences in melt size, samarium of variable purity obtained
from several manufacturers, and holding times at the melting temperature
varying from 10 to 40 minutes.

Despite the success achieved with the melting procedure, the method was
considered a temporary expedient from the start. The cost of a single-use
alumina crucible contributes about $8 to the cost of a pound of the finished
alloy. It was also felt that, by solidifying in the crucible, alloy quality might
not be as high as possible. Finally, in spite of the precautions taken, premature
crucible failures remained a persistent problem, representing a significant
economic loss, The ultimate aim was to develop a melting and pouring technique
using a rugged, low cost and preferably re-usable crucible,

A series of melts of 600 gram size was made in an alundum crucible. All
procedures were similar to standard practice except that the molten alloy was
cast into a water-cooled copper mold. A protective layer of material formed
on the crucible which prevented corrosion and degradation. As a result the cru-
cible was used for several melts before being discarded.

Alloy charges of 2500-gram, 6000-gram and most recently 7500-gram size
have been successfully melted in alundum crucibles and chill cast in a large
copper mold, In the largest size, the 2average cooling rate measured on the top
surfa.ce of the cast alloy is about 100°C/min as compared to a measured rate
of 30°C/min for a 2500-gram melt solidified and cooled in the crucible, Metal-
lographic sections of cast alloy are shown in Figure 5. The phase composition
appears to be comparable to Figure 4, but, because of more rapid cooling,
the as-cast material has a finer phase distribution. The quality of finished
magnets has remained high and this procedure has become standard practice.
Reuse of the larger alundum crucibles has been limited by cracking during
crucible cooling, Nevertheless, the procedure has already resulted in more
convenience as well as reduced costs.




MG671161-1P

679519-3P

Figure 4. Views from vertical sections of Sm-Co alloy melts of (a) 50 gram,
(b) 600 gram, (c) 2500 grarn size solidified in the crucible, showing
the distribution of the light SmCog and dark SmyCo~ phases.
(Magnification 100X)
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(a)

(b)

(c)

Figure 5, Views from vertical sections of (a) a 600 gram Sm-Co alloy casting,
and (b) and (c) a 3500 gram Sm-Co alloy casting, showing the distri-
bution of the light SmCog and dark Sm;Co~, phases. View (c) is taken
from near the chill interface where cooling is most rapid. (Magnifi-
cation 100 X),

11
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2. ALLOY CRUSHING AND GRINDING

Reducing the alloy to powder prior to pressing is one of the most critical
steps in the manufacturing process. The grinding procedure must produce an un-
oxidized, uncontaminated powder having the following characteristics for optimum
magnetic properties:

° A fairly narrow particle size distribution
® Particles with a minimum of both internal strain and surface
damage,

The latter requirements are best achieved when size reduction occurs by high
energy impact shattering of the particles rather than by abrasive wear, The
grinding process itself must be economical and adaptable to a range of charge
sizes to allow for variations in manufacturing demands,

In laboratory scale grinding, alloy was first crushed in a jaw crusher
and then ground in a shatter box. A motor-driven jaw crusher with adjustable
output spacers was installed for the pilot line., The spacing was set to give a
product which passes through 5 mesh with 90% remaining on 50 mesh,

From the start,a replacement for the laboratory grinding method was
sought, Shatter box grinding is not amenable to large charges, and repeatable
results were difficult to obtain. Vibratory, attritor and ball mills were con-
sidered more appropriate and were evaluated, Results of ball milling were not
encouraging due to powder agglomerating and adhering to the corners of the
grinding chamber,

Systematic experiments were undertaken at vendor facilities under our
supervision to evaluate both attritor and vibratory milling, One pound charges
were ground while varying the milling parameters to determine a procedure
for reproducing the best results obtained in the shatter box. Methods of
evaluation consisted of:

° Particle size distributions measured directly from high magnifica-
tion photomicrographs using a Leitz optical particle size analyzer.

° Measurements of peak axial field before and after temperature
stabilization of TWT magnets stacked in the PPM format,

° Measurements of second quadrant properties,

To protect the powder from oxidation, grinding by both methods was
done in alcohol and toluene while vibratior milling was attempted in argon as
well, Acceptable powder was obtained only when toluene was the grinding
fluid, Figure 6 shows the grinding efficiencies of the two methods, The data

12
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Comparison of grinding efficiency of a 1 lb charge in (a) a 1.5
gallon attritor mill and (b) in an 0, 75 gallon vibratory mill,
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are plotted as the percentage of particles below a given size vs grinding time.
Also indicated is the range over which acceptable magnets were prepared, It

is evident that longer times are required in the vibratory mill to achieve a
similar size reduction. In addition, the product has a broader distribution as
evidenced by the spread between the 90% and 10% fractions, Finally, the quality
of magnets made from vibratory ground powders was inferior to that of magnets
made with attritor ground powder,

Examination of the particles with high resolution scanning electron
microscopy indicated the reason for the superiority of attritor ground powder,
The particles have faceted surfaces typical of cleaved particles and are similar
in appearance to those produced in the shatter box, whereas rounded particles
produced by abrasion appear in the sample from the vibratory mill, Adjusting
such grinding parameters as fill factor and ball size might make the product of
vibratory milling comparable to attritor ground powder. However, in view of
the encouraging attritor results, a laboratory attritor of 250-gram capacity was
obtained along with a production attritor with a range of capacities from 500 to
2500 grams. The variety of charges is accommodated by substituting milling
chambers from 2 pints to 1.5 gallons in size, At this point work with other
grinding techniques was halted and experiments continued exclusively in the
attritor mills,

For best results in the attritor, it was determined that an intermediate
grinding step was needed after crushing, and roll milling proved adequate, The
jaw crushed product is cycled through the roll mill several times, as the roll
separation is reduced, until all material is ground to -50 mesh (less than 300
microns), This procedure, involving repeated processing and intermediate
sieving to separate the oversize particles after each cycle, proved time consuming,
Moreover, the powder would occasionally spark and in some instances would
completely ignite due to the high impact of the rollers. Providing an inert atmos-
phere was not convenient, so other intermediate grinding approaches were con-
sidered, A disc grinding mill appeared suitable for the pilot line and was installed,
Modifications to the equipment were made so that grinding is done in an inert
gas atmosphere, thus eliminating any fire hazard,

Experiments were carried out to establish the conditions for producing
powder comparable to the satisfactory product of roll milling, Figure 7 shows
similar particle size distributions produced by roll milling and after pulverizing
in a single pass with the disc spacing set at 0, 005 in, Particles greater than
60 microns, while accounting for only 2% of the particles, occupy about 50% of
the volume,

To determine the dependence of particle size on grinding time and to test
the effect of a more uniform attritor charge, a disc pulverized sample was
sieved through a -200 mesh screen to separate the larger particles. Both the
as-pulverized powder and the sieved powder underwent attritor grinding for
various lengths of time in the smaller attritor, Despite the larger particles in
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the initial unsieved material, after grinding for 20 minutes the powders were
indistinguishable and both made acceptable TWT magnets,

e e - e e

When another alloy was pulverized with a disc spacing of about 0, 008 inch,
the powder and magnet properties were similar after 20 minute attritor grinding.
These results indicate that in attritor grinding, the large particles have a high
probability of encountering a grinding collision and are quickly reduced in size,
Thus the final particle size of attritor grinding is relatively insensitive to small
differences in the pulverized charge.

These results led to the adoption of a standard grinding procedure in
which the attritor charge consists of pulverized powder produced in a single
pass with the 0, 008 in, disc spacing. This is followed by attritor grinding for
20 - 22 minutes, depending on which time gives the better magnets when fabricated
from sample lots of powder,

Figure 8 compares particle size distributions for several alloys after
standard 20 minute attritor grinding and one powder sample after 18 minutes in
the attritor. The results are plotted on probability paper as the volume percent
greater than a stated particle size vs size., With the exception of the 18 minute
ground material, all gave acceptable magnets and all have an average particle
size in a range between 15 and 21 microns, However, the unacceptable powder
has only a slightly higher average, with the major differences in the less than
10 micron particle size range. This magnetic property dependence on grinding
is no doubt related to factors other than particle size (such as particle surface
characteristics and lattice perfection), but size distribution is still the only |
means of characterizing good vs poor material short of testing finished magnets.

With the increase in alloy melting capacity, efforts to increase the grinding
batch size continued. An experimental charge was ground in the large attritor
and samples were removed at 2 minute intervals up to i< minutes and at 1 minute
intervals thereafter, A complete particle size analysis was made and TWT ring
magnets fabricated from this sample.

The results are summarized in Table II with values of the volume weighted v
mean particle diameter, D, and the sintered density included, As indicated,
magnets of acceptable quality for TWT, application are produced with powders
ground for between 14 and 18 minutes.” A comparison with earlier results is
presented in Figure 9, where the axial peak field measured in the PPM stack
after a l-hour cycle at 225°C is plotted against the maximum sieve aperture
through which 90% of the particles pass, The particle size for acceptable magnets
is somewhat larger when produced in the large attritor than in the 250 gram size,
Intrinsic magnetic properties are included in Table III and the range over which
magnets are acceptable for TWT applications is indicated, The intrinsic energy
product (4vMH),,, . gives the best correlation with PPM stack measurements,

g

" For complete details on TWT acceptability, see Sections IlI-8 and IV,
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Table I1I

Summary of Results Obtained in
Attritor Grinding a 2500-gram Charge

Percent of |[Peak Axial Field in PPM Stack (QOe)

Total =
Grinding Dv Theoretical er Lycling
Time (min) (microns) Density (%) Before Heating | 1 Hour at 225°C
e 90.8 2850 575
12 32 86.5 3375 1625 5
h C
14 31 94.1 3850 3500 ,gg
15 29 93.4 3850 3525 %ﬁ
16 28 93.4 3850 3525 *3,%
17 26 92.5 3675 3300 3;‘
0
18 25 92.5 3850 3475) 4 &
19 24 94.5 3425 2825
20 23 94.4 3025 2225
21 - 93.1 2700 1175
22 -- 93.1 2325 1150
23 -- 90.0 575 200
24 | 18 89.7 475 225
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Figure 9, Axial Peak Field in a PPM Stack vs Particle Size for
Attritor Grinding
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Table III

Intrinsic Magnetic Properties vs
Grinding Time in Large Attritor

Srinding, B_ (G) H_ (Oe)
6 5, 760 5,100
12 7,130 6, 350 28, 500 71.8 12.1 &
14 8, 050 6, 800 24, 500 80. 5 14,1)2 %
15 8,100 6, 950 22, 500 76.3 14,7 _;g —.i
16 8,150 7, 000 21, 500 78.0 15318 &
17 8,170 6, 450 18, 500 53,2 14,9 §;‘
18 7,880 7,200 20, 500 78.0 14. 7)< B
19 8,270 6, 650 15, 500 49.8 15. 1
20 7,810 6, 200 12, 000 40.6 18,7
21 7,630 4,250 5, 000 24.2 12.9
22 7,830 4, 400 5, 100 27.6 9.6
23 7,280 2,000 2,000 12.8 9.0
24 7,270 2,000 2, 000 13.7 7.5

3w DRYING TECHNIQUES

The laboratory method used for drying the ground powder consisted of
bell-jar vacuum evaporation of the toluene vehicle. To avoid the reduced drying
rates due to freezing of the toluene, the powder slurry is heated to 30°C while
in the bell jar, The original laboratory system was capable of drying 50-gram
lots with a cycle time of 40 minutes per lot.

In anticipation of increasing powder requirements, manufacturers of com-
mercial vacuum drying equipment were contacted, Of the available types, roll
dryers are designed for softer materials; problems of clogging and degradation
of the vacuum valves were anticipated with tumble dryers,

Several commercial shelf dryers were appropriate for the pilot line but
none had all the features considered necessary for rapid, economical drying of
samarium-cobalt powder, Therefore, a vacuum shelf dryer was designed and
built, Similar in principle to the laboratory system, its special features include:

1. 5 electrically heated aluminum trays, each with a capacity for
holding at least 2 1b of dry powder.

2 A specially designed cold trap with dry ice-alcohol coolant and a
pumping rate of 2 quarts of toluene per hour (the amount of toluene
in 10 1b of powder is about 0.9 quart).

|w
-

A vacuum pump and associated plumbing compatible with this rate.

19
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The procedure evolved consists of decanting the toluene after grinding
and placing the alloy in the trays., Additional toluene is removed by pressing
the wet powder with absorbent paper towels, After the trays are loaded in the
dryer, the system is purged with nitrogen gas for several minutes, heater
power applied, and the main vacuum valve opened. Toluene evaporation is
initially very rapid as evxdenced by the fact that the temperature measured in
the powder slurry falls to -25°C within 5 minutes, Thereafter, the temperature
slowly rises.

Tempera.ture measurements of the powder slurry serve as an adequate
process control, since drying is complete when the temperature approaches
30°C. The corresponding drying time for a 10-1b load is about 30 minutes.

At this time, the heaters are turned off, the main vacuum valve closed, and

the powder is expcsed to air after ba.ck-filling the bell jar with nitrogen gas.
Powder processed in this manner has been used in magnet fabrication without
any change in magnet quality when compared with results from powder processed
in the laboratory dryer.

With the available pumping capacity and drying rate, up to 15 lb of powder |
can be dried in a one-hour cycle with no increase in the size of the components, ;
In a longer processing cycle, somewhat larger quantities of powder could be i
dried in this system with the addition of a slightly larger bell jar and trays with
greater capacity. This is due to the fact that the trap can be kept in almost
continuous use by periodically closing the vacuum valve and draining the toluene
condensate, an operation requiring about 5 minutes.

4. STORING

Oxidation of Sm-Co alloy occurs at room temperature and it was anticipated
that this might become a significant problem after long storage periods, Although
dried powder exposed to air for periods in excess of one week has been used to
produce acceptable magnets, other powder ground only slightly finer discolored
and yielded magnets of inferior quality. Therefore, after grinding and prior to
drying, powder is stored in toluene in sealed vessels, No deterioration has been
detected after several weeks of storage. With only limited powder requirements,
the powder can be dried in small quantities as the need arises., However, with the
large quantities required, an inventory of ready-to-press dry powder must
be kept on hand. To minimize the hazards and to protect the powder from oxida-
tion, this material is stored in a nitrogen dry box without noticeable deterioration,

5. PRESSING

Samarium-cobalt magnets made in the laboratory were dry pressed in an
aligning field produced with an electromagnet. The entire cycle of die filling,
field application, pressing, part ejection, etc. was performed manually, The
basic consideration in selection of a commercial automatic powder compacting
press was the adaptability of the press cycling to the magnetic field application,

20




The aligning magnetic field must couple synchronously with the press during

the entire pressing cycle, and press programming murt be sufficiently flexible
to allow for adjustments in the cycle for maximizing wder alignment. Loading
capacity, variability in rate, accessibility of vendoxr :rvice, and generally,
judgment of overall quality were also considered.

A 100-ton automatic powder compacting press .nanufactured by Mannesmann
Meer Co. fulfilled these requirements, It has daylight clearances of 27 in,
horizontal and 37 in. vertical with a 4 in, ram stroke, and is fully automatic.

The press can be operated at up to 12 strokes per minute and can be independently
sequenced by pressure, distance and time. The feeder system attached to the
back of the press consists of an explosion-proof hopper feeding the shuttle. Dies
for the press are designed taking into consideration a 15% shrinkage after sinter-
ing. Die and punch clearances are maintained at 0, 002 to 0, 005 in,

The electromagnet for powder aligning was built by Raytheon'!s Microwave
and Power Tube Division. Major characteristics of the electromagnet are
listed below.

1. 550 turns of 0. 005 copper foil with Mylar insulation between each

turn,

2. 1/2 in, cold-rolled steel encasement with stainless hub. Dimen-
sions: 24 in, overall OD x 8 in, ID x 8 in, high,

3. Weight: 600 1b

4. Field: 5700 gauss at 50 A open bore

5. Location in press: riding on lower ram.

6. Sorensen Nobatron DCR 150-70 A power supply, rated for 150 V,
70 A containing silicon rectifiers,

T, Magnet supply control unit made by Raytheon (keyed to the press relay

deck and triggered by ram location). Polarity reversals are accom-
plished with mercury switches,

A photograph of the automatic powder compacting press and electromagnet
power supply is shown in Figurel0 and the die set for traveling-wave tube mag-
nets is shown in place in Figure 11,

Once the press is aligned and ready for operation, the hopper is filled
with pretested powder. The die cavity is gravity fed and the amount of powder
loaded is of constant volume, determined by the position of the lower punch.
When the press cycle starts, the upper punch, with repelling remanence, enters
the top lip of the die, pauses, and the dc power supply is triggered by a relay;
the aligning field of 8 - 10 kOe is switched on, allowing the loose powder to align.
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Figurel0. Automatic Powder Compacting Press and Electromagnet Power Supply
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Figure 11, Die Set in place for Pressing Traveling-Wave Tube Magnets
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At completion of the down stroke there is a dwell with the field on, followed

by field reversal to demagnetize the compact. The electromagnet turns off

as the upper punch leaves the die. The die strips downward bringing the mandrel
with it and the part comes flush to the top of the die table and is pushed off by

the shuttle on the next filling.

Samples were prepared as a function of applied load and aligning field,
and green density, sintered density, second quadrant properties, and alignment
factor 4nM /4n"My were determined. Alignment of green pressed samples was x
found to be approximately 85% and 94% after sintering in most cases, and de-
pended only slightly on aligning field, Fields between 8 - 10 kOe appeared
adequate,

Green and sintered density as a function of loading is illustrated in
Figure 12, and although there is a de‘pendence of the former, there is little
for sintered density achieved at 1130 C for one hour. Second quadrant properties
are included in Table IV and little variation in properties was found with loading,
as might be expected in view of the relative independence of density on loading.
The intrinsic coercive force was also found to be constant at about 23, 000 Oe,
The inductive coercive force, H., is somewhat lower than the target of 7500 Oe,
but as pointed out in earlier reports, performance in a PPM stack is more closely
related to intrinsic than induction properties.

Table IV

Second Quadrant Properties of Sintered
Magnets Fabricated in the Automatic Press

Loading, kpsi Br’ Gauss Hc, Qe (BXH)max’ GOe x 106 |
58. 8 7990 6000 13. 6
84.0 6470 5700 9.8
92.4 7960 6750 14,6
100, 8 7850 6600 14,1
126.0 7870 7000 14,7
142. 8 7870 7100 14,6
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6. SINTERING

Prior to the start of this program, a sintering furnace with pilot line capacity
was acquired, It was chosen on the basis of design features that experience with
laboratory facilities had indicated were necessary. The furnace consists of three
6-inch diameter tube elements separately controlled to maintain a set temperature
within £0, 5°C along a 22-inch hot zone. Sintering is done in an atmosphere of
pre-purified helium., Magnetic properties similar to those cbtained under labora-
tory conditions were reproduced in this equipment by maintaining a constant
temperature of 1130°C for 1 hour.

A change in the sintering temperature or the time at temperature has a strong
effect on magnet properties. Magnets, fabricated from a typical alloy and processed
into gowder as part of a standard run, were sintered for one hour at 1120°C,

1130 C, and 1140°C. A second set of magnets was sintered for 2 hours at 1110°C,
1120°C, and 1130°C, Results comparing functional measurements (in a PPM
stack) with intrinsic properties are presented in Table V. Acceptable magnets

are obtained in one hour when the sintering temperature is kept within + 10°C

of the standard., At the lowest sintering temperature, 1120°C, the final density

i8 ~90%. of the theoretical value and increases as the sintering temperature is
‘raised. Peak field values in the PPM stack as well as values of By reflect the
'density and increase with sintering temperature. In general, intrinsic properties
tend to increase and then decrease as the sintering temperature is raised.

Similar magnetic properties are obtained at a lower temperature if sintering
is prolonged. The results indicate that a reduction in temperature of 10°C can
be compensated by doubling the sintering time. The data serves to illustrate
the allowable tolerance in the sintering process to produce acceptable magnets.

Table V

Comparison of Functional Measurements in a PPM Stack with Intrinsic Mag-
netic Properties and their Dependence on Sintering Time and Sintering
Temperature,

Peak Axial Field in PPM Stack, Oe
Sintering | Sintering | Percent of (4-MH)m.x Blllm"
Time T‘emp. Theoret- Before Heating After Heating IB_(G) | H_ (Oe) {H .(Oe) “06 GOe) mh G0
thr) ey ical Den- 1 hr at 225°C . € Gl A fas
sity
1 1120 90.1 3275 3225 6900 6750 27500 97.0 1.
1 1130 96,0 3500 3300 7670 7050 29900 94, 0 14.0
1 1140 97.5 3525 3300 7500 6550 28500 80.3 12.7
2 1110 . 90. 4 3325 2900 6920 6620 24000 82.3 1.0
2 1120 92.1 3500 3150 6900 6730 25500 104, 0 11.
2 1130 96.9 3625 3450 7730 7220 28000 84. 0 14. 6

26




7. FINISHING AND SPLITTING

The OD and ID tolerances of pressed, sintered magnets can be held to
+0.005 in, and + 0,003 in, respectively, and no additional finishing of these
surfaces is required,

Surface grinding and lapping were investigated as methods to finish the
magnet thickness to within the + 0, 001 in, tolerance required. Both were satis-
factory in achieving this with little or no loss due to cracking; however, surface
grinding is more rapid and economical, and was the method used in the pilot
line, Facilities exist within several Raytheon production shops conveniently
located in the proximity of the samarium-cobalt magnet pilot line,

Both diamond wheel cutting and pressure splitting scored magnets were
investigated as methods of producing half-rings from complete torroids. Both
approaches were satisfactory, provided sufficient coolant was used in diamond
wheel cutting, The method used is determined by the user, and experience has
indicated each has his own preference. For the device used on this program,
magnets were scored, pressure split, and delivered in matched pairs. F» ~ " =s
for either method exist for handling pilot line quantities of magnets.

A suitable jigging procedure has been devised for slotting input-output
magnets with a diamond wheel to the tolerances required, x 0.005 in. Facilities
exist for pilot line quantities.

8. MAGNET EVALUATION, PROCESSING, AND STABILITY
The objectives of this portion of the program were:

° Development of magnetic measurement techniques for quality
control of production TWT magnets, Both functional measurements
of peak axial fields and complete second quadrant measurements
for correlation purposes were required for complete quality control,

° Evaluation of pulsed and dc magnetization methods to determine
an economicai procedure for the production of TWT magnets.

° Evaluation of TWT magnet stabilization and adjustment methods
suitable for production purposes. This included investigation of
thermal stability of magnets.

I®

Mgggetic Evaluation

(1) Measurement Techniques

Sm-Co permanent magnets for focusing electron beams in
TWT's are used in the PPM stack configuration, After thermal stabilization in
a stack, it is necessary to select those magnets whose peak axial field will fall
in a specified range. For the QR1642 TWT, the test vehicle of this program,
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the acceptable range of axial field is 3000 to 3400 Oe. In addition to measuring
the field of each magnet, it has been necessary to eliminate low magnets and
select highs and adjust them (by demagnetization) into the acceptable range.
The methods of measurement considered for the various requirements of mag-
netic evaluation for manufacturing purposes and quality control included:

. Hysteresis tracer using integrating fluxmeter for
evaluation of second quadrant properties of remanence,
inductive coercive force and intrinsic coercive force.

° Recoil tester,
° Axial field measurement of PPM stacks.
o Classifiers in conjunction with the recoil tester and

axial field measurement of PPM stacks.

Axial field measurement is still a basic method for evaluating
TWT magnets. However improvements in technique can reduce handling time,
One of the time consuming aspects of magnet evaluation is the adjustment required
to demagnetize magnets which are above a predetermined acccptable value, Sig-
nificant improvement has been achieved through the efficient use of the probe-
stabilizer head described on page 47. The hysteresis tracer evaluated under
this program is now used for basic properties measurements for manufacturing
quality control, A detailed description of this unit is given below, including
various tests to evaluate the method, Measurements agree with those made
on Raytheon'!s vibrating sample magnetometer.

(2) Integrating Fluxmeter - Hysteresis Tracer

A method for measuring second quadrant properties of pre-
magnetized samples using an integrating fluxmeter hysteresis tracer was de-
veloped prior to the present contract, but improvement in integrator stability
and sample geometry versatility were required. A simplified sketch and
schematic of the method are shown in Figure 13 and a photograph of the equipment
is shown in Figure 14, A magnetized sample is mounted between the poles of
an electromagnet with no air gap between adjacent faces of the test sample
and the electromagnet (thus excluding radial components of H). A Hall probe
is used to measure H and a coil-integrating fluxmeter combination is used to
derive a measurement of the magnetization of the test sample, as explained

below.

The fluxmeter and Hall probe signals are combined linearly,
using a resistor network, to yield the magnetization of the test sample. The
flux &, within the coil with no magnet present is given by:

Eo AcBair' (1
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Figure 13. Schematic of Hysteresis Tracer
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Figure 14. Hysteresis Tracer

while with a magnet present

! = & +® . =A B +(A -A_)B_. (2)
c m air m m c m’ air
where
Ac = effective cross secticn of coil
Am = effective cross section of magnet
Bm = magnetic induction in magnet
Bair = magnetic induction in air
L. = flux through magnet
dsair = flux in annular air space between sample and coil

By combining the Hall probe and the fluxmeter signals using
a resistor network, as shown in Figure 13, one can derive a voltage V (with
no magnet within coil) given by:

vV = C,% -C
a c

1 Hai = &

A - =
r 1 ¢ CZ) Ha' 0 (3]

1r

2

For all applied fields, the voltage V, (with no magnet within coil) will remain
at zero provided the constants C] and C, of the resistor network have been
adjusted so that C2 = A_ Cj.
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With the test magnet present and C, = ClAc

Ve =& [AmBm Al Am) Hiiv]l -C148c By, (4)
Since Hm = Hair, then

- - - 5

Vm Cl Am (Bm Hm ) C1 Am (47M) (5)

where 47 = magnetization of sample.

The voltage V., is thus seen to be proportional to both the area
and magnetization of the test magnet, provided that the adjustment of the constants
C2=A_C, has been made as described. The signal corresponding to Vmm is
presenfed on the Y-axis of the recorder and requires calibration with a material
of known magnetization. The applied field, H, is presented on the X-axis of the
recorder as the output of the Hall probe. The Hall probe is calibrated using
standard magnets.

Six grade A nickel samples were fabricated for the purpose
of calibrating the magnetization measurement and to verify the expected depen-
dence on geometry. Table VI shows the results of the Ni measurements including
a variety of lengths, cross-sectional areas, and sample shapes, Column 5 is a
direct chart reading in mm and is proportional to MA__. Numbers in column
6,derived from columns 4 and 5, are proportional to tfe sample magnetization, M.,
Quite good agreement was obtained for magnetization for sample lengths from
0.135 to 2. 19 in, and for various sample shapes including slugs, rings and cubes.
Sample No. 4 showed a relatively large deviation from the average value of M,
and was probably due to the air gap at the rounded edges of the sample. The
value of M for sample No. 4 is thus omitted in the calculation of the average"
deviation,

By assuming a standard value of 6080 gauss for the saturation
magnetization of grade A Ni (high purity, electronic grade Ni) one can determine
a calibration for the Y-axis in the hysteresis tracer presentation.

Further evaluation of the measurement method was made by
measuring Alnico VIII, Pt-Co samples and two measurements on Sm-Co for
comparison., The results are shown in Table VII and are compared with catalog
values for these materials, The measurements are lower than catalog values,
which was not unexpected.
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Table VI

.Calibration of Magnetization for Hysteresis Tracer

Grade A Dimensions Cross- | MAm or M ,
Nickel Section | Distance Devia-
Sample Shape 0.D 1.D, L Am on Y-axis tion
in, in, in, in e mm /in2
1 Slug 0.253 0.250 | 0,0503 42,5 845 6
2 Slug 0,375 0.175 0.1103 94.0 852 1
3 Slug 0,375 2.19 0,1103 94,0 852 1
4 Ring 6.550 0,250 }O,135 0.1890 156,5 (829) (18)
(Rd, Edges)
5 Ring 0,555 |0,250 |O,135 0.1934 164, 7 852 1
(Sharp Edges)
6 Cube 0,256W] 0,227H ] 0.255 | 0, 0658 56,2 855 4
Average 851 3

The hysteresis tracer presents MA (the product of sample

magnetization and cross-sectional area) on the Y-axis,
direct reading in B by the use of a coil inside the iron pole piece with an iron

flux path leading from the sample through the B coil, and thus direct plots of
B vs H will be obtained.

The precision of this technique was then established, and

e Ao i WAL

The Y-axis will be made

comparison was made with a vibrating sample magnetometer (VSM) capable of
complete hysteresis loop traces up to 100 kOe dc fields., A total of ten separate
measurements on two samyles measured in the integrating fluxmeter hysteresis

tracer (IFHT) resulted in essentially the same average deviation for the two,

B, (7800 + 60 gauss) and H
another TWT sample by bo

respectwely, while the H, values were 7900 and 8000 Oe,
considered to be quite good and within the measurement precxswn
which for most magnets is in excess of 20, 000 -
25, 000 Oe, can be obtained wdl the VSM. The integrating fluxmeter hysteresm
tracer conveniently measures second quadrant properties of B, H

hysteresis loops, including H

th

(7000 + 50 Oe).

B-H curves were measured on

techniques and are shown in Figures 15 and 16.
The B, values are 8180 and 8240 gauss for the VSM and hysteresis tracer

The agreement is
Complete

and H¢;

an electromagnet with a 4 in, diameter pole face which prov1des fields up to

30, 000 Oe.
magnet.
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The measurements of Figure 16 were performed in a smaller electro-
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Figure 15, Magnetization 4vM vs Applied Field, H,, of a Sm-Co TWT
Magnet using Vibrating Sample Magnetometer (VSM)
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Magnetlzatlon 4wM, vs Applied Field, H o of @ Sm-Co TWT
Magnet using Integratmg Fluxmeter Hysteresxs Tracer (IFHT)
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The integrating fluxmeter hysteresis tracer uses a closed
iron circuit to apply the magnetic field, Therefore, there is no demagnetizing
field, Hy and the external field, H,, is equal to the internal field, H;, of the
sample, Thus the remanence, B,, and the coercive force, H,, are given by
the intersections of the hysteresis curve with the H_ = 0 and the B = 0 lines
(see Figure 16, However, the VSM method involves a calculated demagnetization
factor, D = Hq/4"M = 0,55 and a correction must be applied to H, to obtain Hj.
In Figure 15, the lines corresponding to H; = 0 and B = 0 are constructed, as
shown, taking D into account, B, and H_ are then obtained, as before, from the
intersection of these lines with the hysteresis curve.

The agreement in B, and H_ values obtained by the two
methods was quite good. Apparently there is no loss of magnetization due to
the demagnetizing field of approximately 4500 Oe incurred by open-circuiting
the magnet after pulsed magnetization. The integrating fluxmeter method thus
allows for rapid second quadrant measurements directly on TWT magnets, from
which correlations can be made with peak axial field measurements in PPM
stacks,

b. Magnetic Processing

(1) Magretization
The inagnetization of samarium-cobalt magnets presents unique
problems due to tiie high coercive force of the material, It is clear that a pulsed
method is more desirable than dc in terms of speed and cost if adequate fields
of sufficient duration can be achieved to approach saturation, It was anticipated
that fields in excess of 40 kOe, and more likely above 60 kOe, would be necessary
to saturate samarium-cobalt, which is 2 to 4 times the intrinsic coercive force,
The following program was planned to compare the efficiency of pulse with dec
magnetizing:

(a) Pulse magnetize several Sm-Co TWT magnets at
various fields and pulse durations and determine the
resultant magnetic properties.

(b) Check the same magnets in dc fields varying up to 43 kOe,
and at 100 kOe dc.

The integrating fluxmeter-hysteresis tracer described on
page 28 was used to measure the remanence and coercive force of three Sm-Co
TWT magnets as 2 function of pulse and dc magnetization parameters. Peak
pulse fields up to 52 kOe, half-amplitude pulse durations of 2.3 and 10 msec.and
dc fields of 43 and 100 kOe were used for magnetizing the thrze samples, Samples
were demagnetized after each magnetization treatment and determination of second
quadrant properties. The results are shown in Figure 17. The following indi-
cations are seen from this data:
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Figure 17, Pulse and DC Magnetization of
Sm-Co TWT Magnets

(a) The magnets are not completely saturated by a pulse
field of 52 kOe and 10 msec duration.

(b) DC magnetization at 100 kOe seems to give approximately
2% - 5% higher remanence and coercive force than pulse
magnetization at up to 52 kOe.

(c) Any difference between 2.3 and 10 msec pulses was
not discernible and therefore lies within the 3% estimated
uncertainty in the measurements,

Higher peak fields are needed to saturate samarium-cobalt
magnets, and can be produced with short pulse durations. Very high field
gradients of the order of 10, 000 Oe/cm occur near the ends of the coil in the
axial direction, and could put severe mechanical stress on the magnet, causing
cracking. If eddy currents should attenuate the field inside the magnet, a longer
pulse duration or a higher field will be required. This is a limiting design
parameter for pulse coils, Several magnets were magnetized in a 100 kOe dc
field and attempts were made to reproduce the second quadrant properties with
pulse fields of sufficient intensity and duration.

36

©

b e

P O L i aant




It had previously been determined that a 100 kOe dc field
is capable of saturating magnets, and basic magnetic properties so obtained
were taken as a reference. Whatever the production magnetization technique,
it should yield at least 95% of the maximum magnetic characteristics a material
is capable of providing.

The maximum pulse magnetizing condition had been 52 kOe
and 10 msec. In order to fully evaluate pulse and dc magnetization, additional
pulsed field coils capable of higher fields were constructed.

A coil with a 0,600-in. ID which delivers a field of over 100
kOe with a pulse duration at half-peak amplitude of 4 msec was designed and
constructed. The first coil delivered 165 kOe, but burst at 200 kOe because of
over-heating, although it was water cooled. The cooling water temperature
rise was monitored and indicated that 2 minutes were required for the temperature
to drop to 30% of its peak value. Since the magneto-mechanical forces cause
the copper to flow at around 100 kOe, fiberglass reinforcement was used between
each winding., Two additional coils of this construction were built and are in
operation. Due to the failure of the first model, these coils are now operated
quite conservatively at up to 100 kOe and 4 msec.

Another coil design with a 1-3/4 in. bore was constructed
(see Figure 18). It was completely embedded in 1-in., thick iron, which is a good
safety feature against explosion., It delivers 80 kOe at 8 msec and can be pulsed
every 30 seconds,

The smaller coil needs a pulsing supply with 7-1/2 kJ energy
storage; the larger one requires 15 kJ. The peak currents employed are 3500 A
for the smaller coil at 100 kOe and 4 msec, and 2000 A at 80 kOe and 8 msec
for the larger coil. Figure 19 shows a typical current and field pulse obtained

684688-1P

Figure 18. Pulse Magnetizing Coil, 1-3/4 in. ID, 80 kOe, 8 msec
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with one of the 0,6-in, ID coils, The ripple in the magnetic field pattern is
caused by the gaussmeter. Raytheon Model 8100 A with 3,2 mF capacitance

and 3200 V peak voltage was the pulser used (see Figure 20), The pulser has

a standard capacitor discharge circuit with thyratron switching and shunting tubes,

Additional tests were then performed to further determine the
effectiveness of pulse magnetization. Other objectives in this series of tests
were to make a comparison between laboratory fabricated magnets and magnets
processed from a 5-1b melt and formed in the automatic press, and to deter-
mine the thermal stability of magnets.

Two sets of magnets were measured; set l consisted of 13
TWT magnets selected from several laboratory processed lots, and set 2
consisted of 20 magnets produced from a 5-1b melt and pressed in the automatic
press at 100 kpsi. Axial peak fields, Bg*, were measured on all 33 magnets
before and after heating to 225°C for 2 one-hour cycles in a PPM stack.
Second quadrant measurements were made on all 13 magnets from set 1,
and 4 magnets from set 2. The four magnets have been identified in

684687-1P

Figure 20. Raytheon 8100 A Pulser, 15 kJ

* This usage is consistent with that of tube engineers. In air, the induction
B (gauss) is numerically equal to H (Oe).
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Table VIII; the magnet numbers refer to magnets removed from the PPM stack,
(see Table IX), Complete data on set 2 is included in this report (see Table VIII)
since these were the first magnets to go completely through all processes
evolved on this program. Data for the following magnetizing fields are shown
in Figure 21: 20 kOe (8 msec), 30 kOe (8 msec), 50 kOe (8 msec) and 100 kOe
(4 msec) pulsed, and 100 kOe dc, Set 2 was pulsed only at 50 kOe (8 msec)
when second quadrant properties were obtained.

Figure 22 shows the dependence of basic magnetic properties
(average values shown) on the magnetizing field, Although there is some loss
in magnetic properties due to temperature cycling, the use of 50 kOe pulses
rather than 100 kOe represents a very small degradation in B, and H, whether
‘or not the magnets are heated, Further, it appears that 100 I{Oe, 4 msec pulse
magnetizing is equivalent to 100 kOe dc in all basic magnetic properties. The
electromagnet used at the time of the measurement did not provide a sufficiently
large demagnetizing field to determine H. ;. Therefore, recoil B from 15 kOe
was measured as an indication of the loss of magnetization at 15 kOe demag-
netizing field; the recoil indicated H_; > 20, 000 Oe.

These magnets were typical of those produced in the laboratory
for which H_; averages around 20-25 kOe. The conclusion is that the 8 msec
pulsed fields of approximately 50 kOe are sufficient to achieve over 97% of the
magnetic properties achieved at 100 kOe dc., Little difference is observed at
50 kOe between the properties of set 2 and set 1. The automatic press-produced
magnets are somewhat more stable with regard to B, and H,, and significantly
more 80 in Byecoil-

Both set 1 and set 2 magnets were evaluated in PPM stack
configuration. The average peak axial field was shown in Figure 21 as a function
of the magnetizing field, Again, the equivalence of 100 kOe 4 msec pulse and
100 kOe dc magnetizing was demonstrated; it was also shown that 50 kOe pulsed
fields are adequate for 97% saturation. The automatic-pressed magnets are at
least equivalent to, if not better than, laboratory prepared magnets. For com-
parison, a short stack of Pt-Co TWT magnets was evaluated before and after
heating. Clearly, the irreversible thermal loss due to heating was much greater
for Pt-Co than for Sm-Co magnets (see Figure 21).

Based on the average magnetic values for the two sets of
magnets, the temperature coefficient for irreversible loss of basic magnetic
properties have been computed and these are shown in Table X. The tempera-
ture coefficient T for some temperature interval, AT, is defined as

IOO(Br (not heated) - Br (heated))
%/°C (6)

= _ﬁr (not heated) x (AT)
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Table IX
Peak Axial Field, Bo' in PPM Stacked TWT Magnets

Pulse magnetized 50 kOe, 8 msec
SmCo from automatic press (get 2)

Temperature cycled at 225°C for two 1 hr periods,

42

By (G) B, (G)
SmCo PtCo
Magnet No, | Before Heating After Heating Belore Heating After Heating

1 3650 3400 3225 2475
2 3725 3525 3375 2400
3 3800 3650 3275 2275
4 3800 3500 3325 2375
5 3950 3650 3350 2400
6 3950 3675 3275 2350
7 3800 3525 Avg, 3305 2385
8 4000 3750 28% Decrease
9 3950 3650
10 3950 3650
11 3875 3700
12 3950 3700
13 3900 3625
14 3825 3525
15 4000 3725
16 3950 3700
17 3825 3500
18 3875 3575
19 3950 3750
20 4000 3750

3880 3625

6.5% Decrease
—
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Figure 21. Peak Axial Field, B, in PPM Stack vs Magnetizing Field
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Note that all measurements are made at room temperature, Temperature
cycling to 225°C was done in a PPM stack corresponding to an estimated average
operating point B/H ratio of -0.3, Irreversible losses for the two magnetizing
fields were not greatly different, and samples from the automatic press (set 2)
exhibited a smaller irreversible loss in all properties than laboratory magnets
(set 1).

Until the development of samarium-cobalt, platinum-cobalt
was the hardest known permanent magnet material, It is interesting to note
in some detail the difference in thermal stability between the two materials.
A comparison of irreversible loss on temperature cycling in a PPM stack is
made in Table IX for 50 kOe, 8 msec pulse magnetizing. The average axial
peak field was decreased by 6. 5% for Sm-Co magnets and 28% for Pt-Co after
2 one-hour cycles at 225°C. In terms of irreversible Jtemperature coefficient,
this corresponds to 0, 033%/°C for Sm-Co and 0. 14%/°C for Pt-Co. Subsequent
recycling of Sm-Co magnets to 110°C after stabilizing at 225°C resulted in a

reversible loss (measurements made as a function of temperature) of 0, 031%/°C.

(2) Skin Depth

The use of pulsed fields raises the question of field penetration
to achieve saturation throughout the magnet. The skin depth, 6, is given by
2
pow
and the field at a depth x below the surface of the material is given by:
-x/6

in meters (7)

H = Hoe (8)

(x)

where
= permeability in henry/m

conductivity in mho/m

€ q F
]

= angular frequency in sec”

Ho = field at the surface

Assuming the following values for Sm-Co magnet material,

2 x 106 mho/ m
n = By = 4mx 10-"7 henry/m

o

W = 300 sec'l

associated with a 10 msec half-period pulse, a skin depth of 6 = 0.052 m is
computed, Thus, at a depth of 0. 100 in. the field is approximately 90% of
the surface field. This corresponds to the situation of pulse magnetizing a

* This is based on our own experimental evidence and lies between values
calculated from M, Schindler - IEEE Trans. Ed., Vo'. 13, No. 12,
Dec. 1966, pp. 942 ~ 949 and other theories which give B/H values
of approx, - 1,0
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stack of QR1642 TWT magnets, If a pulse field of 80 kOe is used, then the
smallest field seen at any point in a magnet would be approximately 70 kOe
assuming a small demagnetizing field for a long stack. These fields are
entirely adequate to provide at least 97% of saturation values of remanence
and coercive force,

(3) Magnet Adjustment

After magnetization and thermal stabilization of a PPM - TWT
magnet stack, it becomes necessary to determine which magnets are high and
to adjust them into an acceptable range by demagnetization. This process has
been time consuming and great improvement has been made by the use of the
PPM magnet tester and adjuster described below (see Figures 23, 24, and 25).

The magnet is mounted on a cylindrical iron head containing
a Hall probe for the measurement of the axial field, Measurements were made
to verify that this field can be correlated with the axial field obtained in a PPM
stack, If the reading is high, the magnet as mounted on the test head is then
inserted into the iron clad coil (Figure 23) where it is demagnetized by self-
repeating ringing ac pulses with automatically increasing peak field, This
pulser is Raytheon-built and designed, using a modified F, W, Bell magnet
processing unit,

When the test head B (Figure 23) indicates an acceptable reading,
the pulser automatically turns off. An important feature is that the reading on
test head B is the same inside and outside coil A, which simplifies the classifi-
cation,

For calibration, six groups of 4 magnets with similar readings
were measured: (a) in the PPM stack (groups in increasing order), (b) singly
with 2 PPM shims, (c) on test head B outside, and (d) inside adjusting coil A,

Figure 26 shows that the readings (c) and (d) in the tester
gave a closer correlation to the stack reading (a) than the reading (b) with
single pole shoes, i.e., + 1.5% deviation versus £ 2.5%. In both cases, the
pole shoes were centered wichin 0, 005 in., in the magnet. In later measurements,
with a better fixed Hall probe, the deviation was reduced to less than + 1%,

The fact that {a) versus (c) is directly linear makes calibration
for production set-ups simple,

For a new magnet geometry, it is suffi ient to adjust a group
of 6 magnets to a certain reading on the test head, stack .1em in a PPM stack
and add 2 pairs of end magnets, The center 4 magnets of the group will give a
point of the calibration line(through zero)of stack reading versus reading on test
head,

By shim adjustment, the same readings on test head B, both in

and outside the adjusting coil A were obtained. A maximum deviation of £ 1.5%
was obtained as shown in Figure 27,
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Figure 25. Adjusting Coil and Measuring Head
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Figure 26, Calibration of Magnet Adjuster
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The demagnetizing field of magnets in a PPM stack varies
considerably with radius and also has strong radial components. It seems best
to use an adjusting and stabilizing fixture with a similar field distribution, such
as that shown in Figure 23. With a resonant frequency of about 50 Hz, the
skin depth in iron is 2 cm, The use of bulk iron instead of iaminated iron for
pole pieces and flux return path does not strongly affect the magnet field charac-
teristics inside the bore. The coil without pole pieces gives about 5% higher
peak fields when clad with 1 in, iron than the coil without any iron, Without
iron poles, the coil delivers 22 kOe peak field; with the iron poles it is reduced
to an estimated 15 kOe. The peak field can easily be increased to 40 kOe by
changing capacitance and inductance but this would reduce the pulse repetition
rate,

The same coil was used with other magnet fixtures, including
flat iron poles with and without an air gap between magnet and iron, and also
an ironless plastic holder which allows higher fields, All were much less
accurate than the head in Figure 23, For more universal use with magnets of
various sizes, the heads in Figure 23 but with flat iron shims instead of typical
PPM shims with a rim have been used. The accuracy was a little worse than
in Figure 26 (2 3%).

The testing and adjusting fixture now in use has the advantage

of classifying and adjusting in the same fixture and set-up. Semi-automatic
feeding of magnets together with fully automatic push-button operation is possible.

<. Magnet Stability

(1) Introduction

Permanent magnets must be stabilized prior to use in order to
avoid changes associated with the thermal and magnetic environment in use,
It is general practice therefore to heat TWT magnets to a temperature in excess
of any expected during use and in a demagnetizing field which simulates use.
The demagnetizing field is obtained by stacking the magnets in a PPM configuration
using actual pole pieces, The long term stability is also of interest; possible
relevant factors include: (a) magnetization inhomogeneities due to the eddy
current effect during pulse magnetization, (b) the effect of magnet shape on the
variation of the demagnetizing field within one magnet, (c) inherent inhomogen-
eities in the magnet material, and (d) oxidation of Sm-Co.

The investigation of magnet stabilization procedures and
magnet stability has included the following:

[ Reversible and irreversible changes in magnetic

properties due to heating as a function of temperature,
demagnetizing field and magnet quality.
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. Length of time and number of heat cycles required for
adequate thermal stabilization

° Long term stability
° Low temperature exposure,
The principal results can be summarized as follows:

. Thermal stabilization takes place almost, 1mmed1ately
after reaching any temperature up to 300°C. One heat
cycle appears to be adequate.

° Ma%nets stabilized at 250°C were stable for 900 hr at
230°C and 50% relative humidity and for 830 hr at 80°C
and 93% relative humidity.

o The irreversible loss of flux is close to zero at zero demag-
netizing field, H,;, and increases linearly with increasing
Hy. The temperature dependence of irreversible loss
is much greater than linear, particularly at higher
demagnetizing fields. The temperature coefficient
varied from 0. 023 to 0.40%/°C.

° The reversible loss of flux is almost independent of
demagnetizing field and is very nearly linear with temper-
ature. The temperature coefficient varied from 0. 033%
to 0. 036%/ °C between 25 C and 150 C and from 0. 039%
to 0. 048%/°C between 25°C and 250°C.

° Sm-Co powder, with an average surface-to-volume ratio
100 times that of a QR1642 TWT magnet, gained weight at
a rate of 0,15% for 1 hour at 250°C and 50% relative
humidity,

(2) Reversible and Irreversible Thermal Effects

There is a variability in the axial field and irreversible

thermal loss of PPM-stacked TWT magnets which is related to intrinsic mag-
netic properties. Attempts were made to correlate the reversible and irrevers-
ible thermal effects with 2nd quadrant properties and thermal processing., Typical
irreversible loss in peak axial field is 10% after a 2-hour heating cycle at 225 C.
Occasionally a set of PPM stack readings is obtained which shows much less degra-
dation , and such magnets establish desirable property goals for achlevmg a higher
yield, Such a set of six magnets showing a loss of 1. 7% after 225°C heating was
investigated in terms of 2nd quadrant properties and peak axial field after heat
treatments at various temperatures up to 450°C. Table XI shows the average
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Table XI, Low Irreversible Thermal Loss in a PPM Stack

Peak Axial Irr. Coeff,

Field (Avg.) RT-Temp Loss
Treatment (Gauss) %/ °C %
Magnetized 3520
After 1 hr @ 225°C 3460 .008 17
After 1 hr @ 300°C 3415
After 1 hr @ 300 repeat 3435 . 010 2.5
Remagnetized 3510
After 1 hr @ 225°C 3430
Remagnetized 3520
After 1 hr @ 450°C in N, 2795 . 048 20.6
500 hr later 2820
Remagnetized 3530

peak axial field for the 6-magnet PPM stack with 2 end magnets at one end.

It can be seen that all irreversible losses up to 450 C are recovered upon
remagnetization, The 2nd quadrant properties of a typxcal magnet of this

group are shown in Figure 28 as magnetized, after a 300°C heating and after

a 450°C heating, Figure 29 summarizes the dependence of axial field and 2nd
quadrant properties of remanence and coercive force as a function of the temper-
ature to which the magnets were heated. These results clearly estabhsh that
Sm-Co magnets can be produced with property stability up to 300°C; stability

in peak axial field, as might be expected, is accompanied by stability in other
magnetic properties,

Magnets are not always produced with this degree of stability,
and data obtained on other magnets illustrates the variability encountered during
this program. For purposes of establishing more typical data, results obtained
on a variety of magnets are reported below.

Magnets were derived from 3 different lois of samarium and
the associated magnetic properties of B,, He and H_; were measured before and

after temperature cycling, The results are shown in Figure 30. The experimental

procedure was as follows:
(a) Magnets individually magnetized - 52 kOe, 10 msec.
(b) By Heo He measured in hysteresis tracer,

(c) Pulse demagnetized to less than 5% of original
magnetization,
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Figure 28, Sm-Co Magnets with Low Irreversible Thermal Loss measured at
Room Temperature after Cycling in a PPM Stack to Indicated Temperature
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(d)  Remagnetized individually and stabilized 1 hour at i
225°C in PPM stack with standard end magnets. 4

() Remeasured B,, H,, H.. i

(f) Demagnetized, remagnetized as before and remeasured
B., H., Hci.

The data in Figure 30 shows that the energy product (BH)
is not a good guide to stack performance of a TWT magnet; the intrinsic coereive
force Hcj appears to correlate better with stack performance and thermal
stability, Magnets from lot 3 held up best through temperatu “e cycling and also
had the best stack reading as well as high H.j. It is not particularly surprising
that material of higher H¢; is more resistant to elevated temperatures and to
magnetic loadings such as in stack performance. These three lots of Sm-Co mag-
nets were typical of magnet production quality during the initial phase of this
program. Sincethen, the magnet quality has improved significantly.

In another case, four sets of magnets were measured, as
follows:
Set 1 12 production TWT magnets from a 5-1b melt, pressed

on the automatic press.

Set 2 12 laboratory TWT magnets, selected from several
laboratory-produced lots,

Set 3 4 production TWT magnets from a 5-1b melt but of
marginal quality,

Set 4 8 disc-shaped magnets from a 5-1b melt, of satisfactory
magnetic quality but chosen for high irreversible loss,

The magnets of sets 1, 2, and 3 were standard ring-shaped
TWT magnets 0,550 in, OD x 0, 250 in, ID x 0, 130 in, thick, Sets 1 and 2 were
magnets of acceptable TWT quality while the magnets of set 3 were of marginal
quality not meeting TWT acceptance requirements but close to it. The magnets
of set 4 were solid discs 0.550 in, dia, x 0,125 in, long of acceptable quality,
Data obtained from these samples are described in the following sections.

(a) Magnetic Measurements

Flux measurements were performed on all magnet sets
using an integrating fluxmeter and a search coil surrounding the magnet under
test, These measurements were done both at room and elevated temperatures
on a hot plate, Special care was taken to achieve a uniform temperature ina
magnet stack.
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Axial field measurements for PPM stacked TWT magnets
were performed for magnets of sets 1, 2, and 3 in a temperature-contro’led
furnace. The field was measured using a small search coil 0. 140 in, OD and
0. 040 in, long with 2500 turns of No. 52 wire and a recording fluxmeter.

The 2nd quadrant data of magnetization vs demagnetizing
field were measured before and after baking under different conditions. An in-
tegrating fluxmeter hysteresis tracer was used to obtain the 2nd quadrant demag-
netization curves on a recorder. Calibration was made with Ni standards for the
magnetization and with a Hall probe for the demagnetizing field.

(b) Tests

Test No. 1 - Thermal Processing Time. PPM-stacked
TWT magnets of sets 1, 2, and 3 were temperature-cycled to determine the
thermal proceumg requirements for producing stable magnets. The results
are shown in Figure 31. Two 15-minute heatings at 150° and 250°C, and two
60-minute heatinga at 250°C indicated that in each case the first heatmg was

sufficient to stabilize the peak axial field of PPM-stacked magnets. The magnetic

measurements were ma.de at room temperature. Fnrther measurements at up

to 4 hours heating at 150°C and 12 hours heating at 250°C showed that the field
remained constant after a short initial period of several minutes to reach thermal
equilibrium, Both the reversible and irreversible losses appear to be stabilized
in this short period, based on the measurements performed in this segment.

The total loss was magnetically recoverable in each case,

Other observers . have also found that one heating cycle
removes all irreversible loss for permanent magnet materials and that stability
is reached quickly.

Test No, 2 - Effect of Thermal Processing on Second
Quadrant Properties and Temperature Coefficients, Second quadrant measure-
ments were made before and after various heat treatments for a magnet from
each set (1 through 4). The data for a set 2 and a set 3 magnet are shown in
Flgurea 32 and 33, The effects of heating a single magnet for 1 hour at 250°
and 350°C are shown, as well as the effect of a PPM stack heating of the same
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